Reactive oxygen species (ROS) can be elicited by many forms of stress, including pathogen attack, abiotic stress, damage and insect infestation. Perception of microbe-or damage-associated elicitors triggers an ROS burst in many plant species; however, the impact of herbivore fatty-acid amides on ROS elicitation remains largely unexplored. In this study we show that the lepidopteran-derived fatty-acid amide elicitor N-linolenoyl-L-glutamine (GLN18:3) can induce a ROS burst in multiple plant species. Furthermore, in Arabidopsis this ROS burst is partially dependent on the plasma membrane localized NADPH oxidases RBOHD and RBOHF, and an Arabidopsis rbohD/F double mutant produces enhanced GLN18:3-induced jasmonic acid. Quantification of GLN18:3-induced ROS in phytohormone-deficient lines revealed that in Arabidopsis reduced levels of jasmonic acid resulted in a larger elicitor-induced ROS burst, while in tomato reduction of either jasmonic acid or salicylic acid led to higher induced ROS production. These data indicate that GLN18:3-induced ROS is antagonistic to jasmonic acid production in these species. In biological assays, rbohD/F mutant plants were more resistant to the generalist herbivores Spodoptera exigua and Trichoplusia ni but not to the specialist Plutella xylostella. Collectively, these results demonstrate that in Arabidopsis herbivore-induced ROS may negatively regulate plant defense responses to herbivory.
Introduction
To defend themselves against a variety of biotic attacks, plants have developed the ability to rapidly perceive and respond to various threats. This recognition includes perception of hostderived molecules such as inceptins (Schmelz et al., 2006) and plant elicitor peptides (PEPs) (Huffaker et al., 2013; Choi and Klessig, 2016) , collectively termed damage-associated molecular patterns (DAMPs). Molecules from invading microbes known as microbe-associated molecular patterns (MAMPs), such as flagellin and elongation factor-Tu from bacteria or chitin and oligosaccharides from fungi (Macho and Zipfel, 2014) , are also detected. Furthermore, plants can also recognize pheromones from nematodes (Manosalva et al., 2015) and a variety of insect-derived elicitors including glucose oxidase, β-glucosidase, caeliferins and fatty-acid amides (Mattiacci et al., 1995; Turlings et al., 2000; Alborn et al., 2007; Bonaventure et al., 2011) .
The first fatty-acid amide elicitor to be discovered was N-(17-hydroxylinolenoyl)-L-glutamine (volicitin, Fig. 1 ), isolated from the oral secretions of beet armyworm (Spodoptera exigua) larvae (Alborn et al., 1997; Turlings et al., 2000) . This discovery was rapidly followed by the identification of several other fatty-acid amides, including N- , and N-linoleoyl-L-glutamine (GLN18:2) Halitschke et al., 2003) . These glutamine conjugates, as well as their corresponding glutamic acid conjugates, have been identified in the oral secretions of a range of lepidopteran larvae (Pohnert et al., 1999; Alborn et al., 2003; Mori et al., 2003; De Moraes and Mescher, 2004) . Synthesis of fatty-acid amides occurs by membrane-bound enzymes in the crop and anterior midgut of the insect, utilizing insect-derived amino acids and host plant-derived fatty acids (Pare et al., 1998; Lait et al., 2003; Tumlinson and Lait, 2005) . Physiologically, they have been demonstrated to play a complex role in nitrogen assimilation in insects (Yoshinaga et al., 2008) .
Recognition of fatty-acid amides in maize (Zea mays) likely occurs via specific membrane bound receptors, similar to those used to detect other elicitors. Although, the conceptual presence of potential receptors for fatty-acid amides (e.g. volicitin) in maize has been strongly supported, genes encoding receptors remain elusive (Truitt et al., 2004) . The application of fatty-acid amides to wounded tissues rapidly induces several defense-related responses, including gene expression and production of herbivore-induced plant volatiles (Frey et al., 2000; Shen et al., 2000; Halitschke et al., 2003; Lawrence and Novak, 2004; Yoshinaga et al., 2014) . These volatiles form part of the plant's indirect defense response against caterpillar herbivory, as they act as signals enabling the attraction of parasitoid wasps to infested plants (Turlings et al., 1990 (Turlings et al., , 1991 (Turlings et al., , 2000 . Fatty-acid amides also induce the production of defense-related phytohormones, such as ethylene and jasmonic acid, in several plant species (Schmelz et al., 2009; Hettenhausen et al., 2014) .
In addition to changes in gene expression, phytohormones and volatile production in response to herbivory, membrane depolarization, calcium spiking and bursts of reactive oxygen species (ROS), such as hydrogen peroxide, can also occur (Maffei et al., 2006; Bricchi et al., 2010) . The herbivore-induced membrane depolarization is caused by porinlike proteins in oral secretions that form ion channels in plant membranes (Maischak et al., 2007; Guo et al., 2013) . Herbivore-induced ROS production is likely caused by several synergistic factors, including salivary glucose oxidases that enzymatically produce hydrogen peroxide (Musser et al., 2002; Eichenseer et al., 2010) . Herbivore-induced ROS production can also occur upon the recognition of DAMPs, such as plant elicitor peptides generated by damage caused during herbivore feeding (Krol et al., 2010) .
ROS bursts are common components of many receptormediated threat perception systems, including MAMPrelated signaling in response to both fungal and bacterial pathogens (Torres et al., 2006; Kadota et al., 2014; Adachi and Yoshioka, 2015) . The MAMP-and DAMP-elicited ROS burst is primarily produced by plasma membrane-localized NADPH oxidases (respiratory burst oxidase homologs, RBOHs), such as RBOHD and RBOHF in Arabidopsis (Torres et al., 2002; Yoshioka et al., 2003) . ROS produced by organelles such as peroxisomes and chloroplasts can also play a role in this response (Camejo et al., 2016) .
Here we show that, in a diverse range of plant species, the detection of insect-derived fatty-acid amide elicitors leads to herbivore-associated ROS burst. Furthermore, we demonstrate that this fatty-acid amide-induced ROS burst is partially dependent on RBOH activity and acts antagonistically with jasmonic acid in both tomato and Arabidopsis. Interestingly, an enhanced resistance to generalist caterpillars was observed in an Arabidopsis rbohD/F double mutant, indicating that in contrast to MAMP signaling ROS may play a role in negatively regulating defenses against insect pests in this species.
Materials and methods

Plant materials and growth conditions
Maize inbred line B73, tobacco (Nicotiana tabacum), Nicotiana benthamiana and tomato (Solanum lycopersicum) were grown in a greenhouse with supplemental lighting at 32 °C on 12 h days. Arabidopsis was grown in a growth chamber at 20 °C with a 12 h day. All plants were grown in soil supplemented with slow release fertilizer (Osmocote) and fertilized once every 2 weeks with liquid fertilizer (Peters). Tomato lines used were the wild type cultivars Micro Tom, Pearson, UC82B, Moneymaker and Lukullus, and the following phytohormone-deficient lines: the salicylic acid-deficient line NahG, which expresses the salicylic acid-degrading enzyme salicylate hydroxylase (Oldroyd and Staskawicz, 1998) , the ethylene-deficient transgenic line that expresses 1-aminocyclopropane-1-carboxylic acid deaminase (ACD), which deaminates a precursor of ethylene (Klee et al., 1991; Lund et al., 1998) , and the jasmonic acid-deficient transgenic line expressing an antisense construct for the jasmonic acid biosynthesis gene allene oxide cyclase (AOC) (Stenzel et al., 2003) . Arabidopsis plants grown were the wild type parental lines Col-0 and WS; the following single mutants: the loss of function mutant in jasmonic acid biosynthesis gene 12-oxophytodienoate reductase (opr3, At2g06050), which is deficient in jasmonic acid (Stintzi and Browse, 2000) , the loss-of-function mutant in isochorismate synthase 1 (sid2-2, At1g74710), which does not produce stress-related salicylic acid (Wildermuth et al., 2002) , and mutants in the two ROS-producing NADPH oxidases atrbohD (At5g47910) and atrbohF-F3 (At1g64060); and the double mutant atrbohD;atrbohF-F3 (Torres et al., 2002) . All plant lines used have been characterized as being deficient in their respective phytohormones and their phenotypes have been published. The youngest fully expanded leaves of 3-week-old maize and 4-week-old Arabidopsis, tobacco, N. benthamiana, and tomato were used in ROS assays. Three to four-week-old Arabidopsis plants were used for the caterpillar growth assays.
Fatty-acid amide synthesis
Fatty acids were coupled to t-butyl ester-protected L-glutamine following procedures modified after Sheehan et al. (1965) and as described in Alborn et al. (2000) . After an overnight coupling, unreacted protected glutamine was removed by MeCl 2 /water partitioning. The organic phase was evaporated to dryness and stirred overnight in 88% (v/v) formic acid to remove the protective group, followed by repeated MeCl 2 /water partitioning to give a >95% pure product, the main impurity being the free fatty acid .
ROS measurement
Leaf disks of 0.3 cm in diameter were cut from fully expanded leaves of plants and floated on 0.1 ml of water in wells of a white 96-well plate in the dark for 16 h. The water was removed and replaced with 0.1 ml of 0.5 mM L-012 (Wako, Japan) in 10 mM MES buffer, pH 7.4 alone for mock controls, or L-012 solution containing 0.1 mM GLN18:3 or GLN18:2 for treatments. The amount of ROS production was determined by measuring photons from L-012-mediated chemiluminescence once per minute for 60 min using a Biotek Synergy 4 plate reader (Winooski, VT, USA) in a method adapted from Asai et al. (2008) . Total ROS was calculated based on photons emitted over a 30 or 60 min period after treatment, from an average of 24 leaf disks, from at least two plants per treatment. Each experiment was repeated at least twice and significantly different production of ROS was determined using ANOVA with a cut-off value of P≤0.05.
Phytohormone analysis
The phytohormones jasmonic acid and salicylic acid were analyzed in leaf tissue from 4-week-old wild type and mutant Arabidopsis plants wounded in a square centimeter area with a razor blade and treated with 5 µl of 0.1 mM GLN18:3 for 1 h. Six samples were analyzed per treatment. Phytohormones were methylated, isolated by vapor phase extraction and analyzed by chemical ionization gas chromatography-mass spectrometry as described in (Schmelz et al., 2004) . Each experiment was repeated at least twice and significantly different production of phytohormones was determined using ANOVA with a cut-off value of P≤0.05.
Caterpillar growth assays
Twenty Spodoptera exigua, Trichoplusia ni, or Plutella xylostella first instar larvae obtained from Benzon Research Inc. (Carlisle, PA, USA) were weighed and placed on 4-week-old Arabidopsis plants (one per plant). The infested Arabidopsis plants were placed in a controlled growth chamber for 7 d and the weight of individual caterpillars determined daily from day 3 through day 7. Each experiment was repeated at least twice and significantly different larval growth was determined with ANCOVA using the weight of the first instar larvae as the covariant and a cut-off value of P≤0.05.
Results
Fatty-acid amides GLN18:3 and GLN18:2 elicit an ROS burst in maize
To determine if fatty-acid amides could induce an ROS burst in maize, we measured ROS accumulation in leaf disks exposed to GLN18:2 and GLN18:3. These fatty-acid amides differ by a single double bond in their fatty acid moiety and have differing ability to induce the production of volatile compounds in maize, with GLN18:3 being the stronger inducer of the two. Treatment of maize leaf disks with GLN18:3 induced a burst of ROS within minutes of treatment that peaked at 20 min ( Fig. 2A) . The mock control treatment showed a slow accumulation of ROS over time but no ROS burst. The ability of GLN18:2 to elicit an ROS burst in maize was then compared with that of GLN18:3 during 30 min and 60 min post-treatment (Fig. 2B ). GLN18:2 elicited an ROS burst in maize that was significantly higher than the mock control, but was 3-fold lower than ROS levels elicited by GLN18:3 after 30 min, and 4-fold lower after 60 min. All leaf disks were incubated in water 16 h prior to treatment and the water removed. This incubation period allowed removal of ROS that are produced in response to the wounding damage due to leaf disk excision. These data show that fattyacid amides can elicit an ROS burst in maize and that the intensity of this burst is dependent on the chemical structure of the fatty-acid amide.
Fatty-acid amides elicit an ROS burst in diverse plant species
Given that a range of lepidopteran species produce fatty-acid amides (Mori and Yoshinaga, 2011) and exist as natural pests of wide ranging host plants, the ability of GLN18:3 to induce ROS was compared in several model plant species. Leaf disks from the tomato cultivar Micro Tom displayed a strong ROS burst upon treatment with GLN18:3 (Fig. 3A) . The timing of this burst was similar to that seen in maize but the intensity of the burst was stronger, as ROS production at the peak apex was approximately 5-fold higher than that of maize ( Fig. 2A) . Comparison of total ROS produced over 60 min after GLN18:3 treatment in multiple plant species revealed a diverse range of intensity in the GLN18:3-induced ROS burst (Fig. 3B) . The least responsive of the species examined was the tobacco relative N. benthamiana, whose ROS burst was only 2-fold higher than the mock control. Tobacco displayed a more robust response, with GLN18:3-elicited ROS production 13-fold higher than the mock control. The two tomato cultivars tested both showed strong ROS induction, with Pearson displaying a 20-fold induction and Micro Tom displaying a 70-fold induction, compared with their respective controls. Arabidopsis also displayed a high level of responsiveness to GLN18:3, with a 70-fold induction of ROS compared with mock treatments. These data show that multiple plant species produce an ROS burst in response to fattyacid amide perception and that the intensity of the bursts can vary among different plant species and different cultivars of the same species.
An enhanced ROS burst in response to fatty-acid amides is observed in salicylic acid-and jasmonic acid-deficient tomato plants
To investigate the effect of other defense signaling components on the fatty-acid amide-induced ROS burst, the impact of deficiencies in the production of phytohormones involved in defense signaling (salicylic acid, ethylene, and jasmonic acid) was examined. This was accomplished using transgenic tomato lines engineered to have reduced accumulation of specific phytohormones. The salicylic aciddeficient NahG line produced roughly two and a half times as much GLN18:3-elicited ROS than its isogenic parent, Moneymaker (Fig. 4A) . The ethylene-deficient ACD line produced a GLN18:3-elicited ROS burst that was not significantly different from that of its isogenic parent, UC82B (Fig. 4B) , while the jasmonic acid-deficient AOC line produced approximately two and a half fold more ROS in response to GLN18:3 than its isogenic parent, Lukullus (Fig. 4C) . None of the lines tested had significant differences in ROS accumulation between phytohormone-deficient and normal plants for the mock controls. Together, these data show that lack of either salicylic acid or jasmonic acid in tomato leads to enhanced accumulation of ROS in response to fatty-acid amide elicitors.
An enhanced ROS burst in response to GLN 18:3 is observed in jasmonic acid-deficient but not salicylic acid-deficient Arabidopsis
To assess whether the absence of salicylic acid or jasmonic acid also impacted the induction of GLN18:3-induced ROS in Arabidopsis, ROS production was measured in mutants deficient in salicylic acid or jasmonic acid (Fig. 5) . ROS production was examined in leaves of the salicylic acid-deficient sid2-2 mutant or its corresponding isogenic parent (Col-0), upon treatment with GLN 18:3 or mock controls (Fig. 5A ). This assay revealed that, in contrast to tomato, lack of salicylic acid did not impact the ability of Arabidopsis to produce GLN 18:3-elicited ROS (Fig. 5A) .
To examine the role of jasmonic acid in GLN18:3-induced ROS production in Arabidopsis, the jasmonic acid-deficient opr3 mutant was used. The opr3 mutant displayed a moderate but significant increase in GLN18:3-induced ROS production compared with its isogenic wild type parent, WS (Fig. 5B) . No significant difference was seen in the mock controls. These data show that loss of jasmonic acid production enhances the GLN18:3-induced ROS burst in Arabidopsis.
NADPH oxidases contribute to the production of the fatty acid amide-elicited ROS burst and repress GLN18:3-and wound-induced jasmonic acid in Arabidopsis
Two NADPH oxidases in Arabidopsis, RBOHD and RBOHF, are involved in the production of apoplastic ROS in the MAMP-triggered ROS burst (Torres et al., 2002) . To examine whether these two enzymes are also involved in the fatty-acid amide-induced ROS burst, GLN18:3-elicited ROS was examined in single and double mutants of these two genes. When compared with wild type the rbohD single mutant showed a small, but not significantly different, reduction in GLN18:3-induced ROS, while no difference was observed between the rbohF single mutant and wild type (Fig. 6A) . In contrast, GLN18:3-induced ROS in the rbohD/F double mutant was significantly reduced, and only half of that observed in the wild type. These data show that RBOHD and RBOHF function redundantly to produce some, but not all, of the fattyacid amide-induced ROS burst in Arabidopsis.
Due to the likely antagonistic relationship between fattyacid amide-induced ROS and jasmonic acid in Arabidopsis, the GLN18:3-induced production of phytohormones was compared between wild type Arabidopsis and the rbohD/F double mutant (Fig. 6 ). There was no significant difference in jasmonic acid levels between untreated leaves of wild type and the rbohD/F mutant. Both GLN18:3 and wounding (damage) elicited significant increases in jasmonate production in wild type Arabidopsis, of 15-fold and 11-fold respectively (Fig. 6B) . The rbohD/F double mutant displayed a 22-fold induction of jasmonic acid in response to both damage and GLN18:3. This is a significant increase in jasmonic acid production, when compared with either the damage control or the GLN18:3 treatment of the wild type. Interestingly there is no longer a significant difference in jasmonic acid elicitation between the damage control and the GLN18:3 treatment in the double mutant, indicating that the increase in jasmonate may be due to an enhanced response to wounding. In contrast, salicylic acid displayed only a minor induction in response to wounding that is not enhanced by the presence of GLN18:3 (Fig. 6C) . Indeed, neither non-treated nor damage/GLN18:3-treated rbohD/F double mutant displayed any significant differences in salicylic acid accumulation when compared with wild type Arabidopsis. These data indicate that jasmonic acid but not salicylic acid acts antagonistically in the induction of ROS by wounding or GLN18:3 in Arabidopsis. 
The Arabidopsis rbohD/F double mutant has elevated caterpillar resistance
Due to the involvement of RBOHD and RBOHF in fattyacid amide-induced ROS and the enhanced production of jasmonic acid in the rbohD/F double mutant, the susceptibility of the double mutant to various caterpillars was examined. The generalist caterpillar, Spodoptera exigua (beet armyworm), displayed significantly reduced growth at 5-7 d postinfestation on the rbohD/F double mutant, when compared with wild type Arabidopsis (Fig. 7A) . In a similar manner, Trichoplusia ni (cabbage looper), whose narrower host range includes Brassicaceae and several other crops, also showed significantly less growth on the rbohD/F mutant than on wild type Arabidopsis at 4-7 d post-infestation (Fig. 7B) . The specialist, Plutella xylostella (diamondback moth), showed similar growth on both wild type and mutant plants throughout the time course, only being significantly lower in the mutant at 6 d post-infestation (Fig. 7C) . It should be noted that due to its 14 day lifecycle, P. xylostella began to spin cocoons at 7 d post-infestation, leading its growth to plateau. These data show that RBOHD and RBOHF can influence the susceptibility of Arabidopsis to generalist caterpillars.
Discussion
The data presented in this study reveal that herbivore-derived fatty-acid amides can elicit an ROS burst in plants in a manner similar to MAMP-and DAMP-elicited defense responses. ROS have been shown to play multiple functions in plants during development and in the response to biotic and abiotic stressors. They can have direct defense activity such as antimicrobial action, or chemical modification of cellular components leading to cell-wall cross linking. They can also alter gene expression by the oxidation-dependent regulation of transcription factors or function in cell-cell signal transduction (Lehmann et al., 2015; Camejo et al., 2016; Dietz et al., 2016) . Interestingly, our study demonstrated that the amplitude of the ROS burst is dependent on the chemical structure of the fatty-acid amide used, with GLN18:3 eliciting a stronger response than GLN18:2 in maize (Fig. 2B) . The difference between these two molecules is the presence or absence of an extra double bond on the fatty acid moiety. An analogous difference is seen between volicitin and N-[17-hydroxylinoleoyl]-L-glutamine (Fig. 1) . Of the four compounds only volicitin and GLN18:3 were shown to induce volatile production in corn bioassays, with GLN18:3 displaying 70% less activity than volicitin . These differences are likely due to the recognition specificity of the proposed fatty-acid amide receptor, perhaps enabling the plants to modulate their responses to more appropriately combat a particular threat. Fatty-acid amides are synthesized by a broad range of lepidopteran caterpillars. Studies to date indicate that all species that make fatty-acid amides make GLN18:3 and GLN18:2 suggesting that these compounds might be ancestral for this family (Mori and Yoshinaga, 2011) . This ubiquity of GLN18:3 in caterpillars parallels its ability to elicit ROS bursts in a broad range of plant species (Fig. 3B) . Furthermore, the ancestral nature of GLN18:3 makes it likely to be recognized by the ancestral version of the fattyacid amide receptor, suggesting that as fatty-acid amide production evolved in Lepidoptera, the host plant species adapted to recognize the compounds produced by the caterpillars that infest them. Indeed different plant species have been shown to have different responses to specific fatty-acid amides. For example, tomato produces more volatiles in response to the fatty-acid amide N-(18-hydroxylinolenoyl)-Lglutamine from tobacco hornworm (Manduca sexta) than to GLN18:3, whereas these fatty-acid amides elicited equivalent volatile production in maize (Yoshinaga et al., 2014) . As tobacco hornworm is a pest of the Solanaceae and does not attack corn, this supports the idea that plants evolved their fatty-acid amide receptors to detect compounds produced by their specialist herbivores. Care must therefore be taken not to assume that certain species have a reduced capacity for fatty acid amide-elicited ROS burst from the fact that they have a lower response to GLN18:3 (Fig. 3B) .
Perception of fatty-acid amides can elicit diverse phytohormone profiles. They can trigger the production of jasmonic acid and ethylene in several plant species including maize, Nicotiana attenuata and eggplant (Solanum melongena). However, in soybean (Glycine max) fatty-acid amides only induce jasmonic acid. In Arabidopsis and tomato jasmonic acid and ethylene are induced to levels only slightly higher than in damage controls (Diezel et al., 2009; Schmelz et al., 2009) . Phytohormones are well-established coordinators of plant defense responses, with jasmonic acid and ethylene typically regulating defense against insect and necrotrophic fungal pathogen attack, and salicylic acid regulating responses to microbial and biotrophic fungal pathogens (Bari and Jones, 2009; Verma et al., 2016) . In distinct instances, salicylic acid, jasmonic acid, and ethylene can act in a coordinated manner to regulate plant defense, as in the case of the response of tomato to attack by the microbial pathogen Xanthomonas campestris pv vesicatoria (O'Donnell et al., 2003) .
The interaction between phytohormone signaling and ROS production is complex. For instance, while ROS has been shown to induce production of salicylic acid and vice versa, salicylic acid has also been shown to promote ROS scavenging (Herrera-Vásquez et al., 2015) . The relationship between jasmonic acid and ROS is also obscure, as high levels of jasmonic acid cause ROS accumulation, while low levels of jasmonic acid induces nitric oxide that can be antagonistic to ROS activation of gene expression (Orozco-Cárdenas et al., 2001; Xia et al., 2015) . In Arabidopsis the labial saliva secretions of S. exigua are thought to induce systemic acquired resistance and suppress jasmonic acid-induced defenses (Weech et al., 2008) . Caterpillars that lack these labial saliva secretions have increased oxidative stress as measured by quantification of cellular redox metabolites (Paudel et al., 2013) . These data suggest a possible negative interaction between ROS and jasmonic acid in plant-herbivore interactions.
Our study showed that loss of either salicylic acid or jasmonic acid in tomato leads to increased accumulation of ROS in response to fatty-acid amide elicitation (Fig. 4) .
This finding indicates that salicylic acid and jasmonic acid are antagonistic to ROS production in response to fatty-acid amides in tomato. In contrast, loss of salicylic acid has no effect on GLN18:3-induced ROS in Arabidopsis, while loss of jasmonic acid enhanced GLN18:3-induced ROS (Fig. 5) . The differing effects of hormone deficiency on fatty-acid amide-induced ROS in different plant species is reminiscent of the differing induction of hormones by insect derived elicitors as illustrated in (Schmelz et al., 2009 ). Such differences between species are likely the result of plastic and adaptive use of the hormone signaling networks, which have evolved to translate recognition of herbivore attack into the most appropriate defense response for the species involved. These findings also illustrate the differences between the roles of these phytohormones in the responses to herbivore elicitors compared with microbial elicitors. For instance, ethylene-insensitive mutants in Arabidopsis were shown to have reduced accumulation of bacterial elicitor-triggered ROS (Mersmann et al., 2010) .
The production of ROS bursts in response to several elicitors including bacterial and fungal MAMPs, DAMPs, and abiotic stresses such as salt stress has been linked to the NADPH oxidases RBOHD and RBOHF (Torres et al., 2002; Liu and He, 2016 ). Here we show that the rbohD/F double mutant in Arabidopsis produces half the fatty-acid amide-induced ROS burst compared with its isogenic wild type parent (Fig. 6A) . ROS are also produced intracellularly as part of photosynthesis and respiration, as well as by enzymes such as glycolate oxidase, oxalate oxidase, xanthine oxidase, amine oxidase, and peroxidases (Mittler, 2002) . It is likely therefore that one or more of these sources influences the ROS burst induced in response to fatty-acid amides. They also hint at the possibility that the ROS burst in response to fatty-acid amides may not be entirely receptor mediated. It is possible that a portion of the ROS could be potentially produced by the action of plant enzymes such as lipoxygenases directly on either the fatty acid moiety of the fatty-acid amides themselves or on their breakdown products (Lynch and Thompson, 1984; Roy et al., 1994) .
Interestingly, the Arabidopsis rbohD/F double mutant shows a complete loss of its oxidative burst in response to avirulent bacterial pathogens (Torres et al., 2002) and the rbohD single mutant shows a complete loss of ROS induced by the fungal elicitors, oligogalacturonides (Galletti et al., 2008) . RbohDsilenced lines in N. attenuata were shown to produce less ROS in response to oral secretions from M. sexta than observed in the isogenic parent (Wu et al., 2013) . Furthermore, an extract from green peach aphid (Myzus persicae) was shown to elicit a late ROS burst in Arabidopsis that was completely abolished in the rbohD single mutant (Prince et al., 2014) . The elicitor of this response remains to be identified, but the induced ROS disappeared if the extract was boiled suggesting that the elicitors are heat-sensitive proteins or peptides (Prince et al., 2014) . These data indicate that the role of RBOHD in the response to fatty-acid amides in Arabidopsis may be different from its function in the MAMP response.
Although GLN18:3 induces jasmonic acid in Arabidopsis only slightly more than damage alone, we observed a significantly higher induction of jasmonic acid in the rbohD/F double mutant when compared with the wild type control in response to both wounding and GLN18:3 (Fig. 6B) . This finding coupled with the elevated ROS burst in response to GLN18:3 in both jasmonic acid-deficient tomato and Arabidopsis (Figs 4C and 5B) strongly suggests that jasmonic acid and ROS act in an antagonistic fashion during this response in these species. This antagonistic relationship between RBOHD-induced ROS and jasmonic acid does not occur in all species, as rbohD-silenced lines in N. attenuata showed no difference in induction of jasmonic acid in response to M. sexta oral secretions (Wu et al., 2013 ). Yet, Diezel et al. (2009) found that oral secretions from S. exigua but not M. sexta attenuated the induction of both jasmonic acid and ethylene in N. attenuata. They inferred that this attenuation was due to the presence of high levels of glucose oxidase in the oral secretions and the resultant production of ROS. It is therefore possible that, in some cases, ROS and jasmonic acid can also be antagonistic in N. attenuata.
Due to the likely involvement of RBOHD and RBOHF in the response to fatty-acid amides, the growth of several Lepidopteran species with a variety of host ranges was compared between the rbohD/F mutant and wild type Arabidopsis (Fig. 7) . A dramatic decrease in weight gain was observed on the rbohD/F mutant in the two generalist species S. exigua and T. ni compared with only a mild impact on the specialist P. xylostella. One could hypothesize that this effect could be due to upregulated defenses in the rbohD/F mutant, leading to increased production of anti-insect compounds such as glucosinolates to which specialist herbivores like P. xylostella are more tolerant (Winde and Wittstock, 2011) . Care must be taken in extrapolating such findings from Arabidopsis to other species, particularly as rbohD-silenced lines in N. attenuata were shown to be more susceptible to Spodoptera littoralis (Wu et al., 2013) . These differences are perhaps due to the different behavior of jasmonic acid in the two plant systems, as it is likely that elevated jasmonic acid in Arabidopsis is at least partly responsible for its increased resistance.
In summary, the role of fatty-acid amide-induced ROS in Arabidopsis seems to counterintuitively suppress insectrelated defenses, possibly by attenuating jasmonic acid responses. One could speculate that this pathway may be used to negatively regulate induced responses in order to prevent overactivation of defenses, although other studies will be needed to test this hypothesis. Collectively, these data indicate that herbivore-elicited ROS production could be beneficial for the insect. Evidence in support of the hypothesis includes the fact that caterpillars produce salivary glucose oxidase that enhances ROS production. If confirmed, ROS could have diametrically opposite roles in insect-and microbe-elicited responses in some species, which suggests that care needs to be taken when developing pest-resistant plants, so the enhancement of one is not to the detriment of the other.
